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ABSTRACT—There are unusual chromatophores, which appear yellowish in reflected light, in the

integument of the dark-banded rockfish Sebastes inermis. Earlier ultrastructural observations revealed

that these chromatophores are leucophores with granular pigment organelles [13]. In the present

experiments, adrenergic mechanisms controlling the migration of pigment associated with these

chromatophores were investigated. K+
ions induced dispersion of the pigment. The dispersion was

prevented by propranolol, an adrenergic blocker, and was absent from denervated preparations,

suggesting that the chromatophores are innervated by adrenergic nerves. Adrenergic agonists, namely,

isoproterenol and norepinephrine but not epinephrine, induced the dispersion of pigment. Propranolol

inhibited the dispersion response whereas yohimbine did not block the response. Both forskolin and

8-Br-cAMP were effective in dispersing the pigment. Epinephrine was effective in accelerating the

aggregation of pigment and this effect was inhibited by yohimbine. These results indicate that

stimulation of beta-adrenoceptors results in an intracellular increase in levels of cAMP which then

initiates the dispersion of pigment and that alpha-adrenoceptors mediate the aggregation of pigment.

These adrenergic mechanisms are similar to those associated with leucophores in Oryzias. These

findings demonstrate that the novel chromatophores behave physiologically as a type of a leucophore.

INTRODUCTION

Light-reflecting chromatophores in poikilother-

mic vertebrates are generally classified into

leucophores and iridophores by reference to their

morphological and physiological characteristics.

Leucophores are dendritic in shape and contain

numerous light-scattering granules, the leuco-

somes, which migrate centrifugally and cen-

tripetally within the cells in response to various

stimuli. By contrast, the iridophores are variably

in shape and contain organelles that resemble flat

platelets. These organelles are usually arranged in

highly oriented stacks and function as reflecting

platelets.

Leucophores have attracted the attention of

many researchers because, among other reasons,

their movements in response to various stimuli are
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the opposite in terms of direction of those found in

other pigment cells. However, available informa-

tion on leucophores in poikilothermic vertebrates

is limited to a few species of fish. Ultrastructural

studies have been performed on the cells of Fundu-

lus heteroclitus [22], Lebistes reticulatus [30] and

Oryzias latipes [17, 26]. These studies have re-

vealed that the structure of the leucosomes is

somewhat variable, even in these fish species. To
date, most of our physiological and pharmacolo-

gical information about leucophores has been

obtained exclusively from Oryzias latipes. There-

fore, comparative studies on leucophores are

needed for a complete understanding of the gener-

al problem of their regulation, since we know that

the mechanisms that regulate the movement of

chromatophores, even in melanophores, are di-

verse [4].

It was assumed for many years that iridophores

are non-motile. In the 1980's, iridophores that

participated actively in color changes, namely,

motile iridophores, were reported in several fish
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species [12, 19, 28]. These motile iridophores are

classified into two types on the basis of their

pattern of movements: the damselfish type, in

which the motility involves changes in distances

between adjacent platelets in piles of platelets; and

the goby type, in which platelets migrate within

cells [21]. Our initial studies on motile iridophores

revealed the regulatory mechanisms differ charac-

teristically between iridophores and leucophores

[15, 20]. These results stimulate us to perform

comparative studies of light-reflecting chroma-

tophores.

Recently, we found unusual light-reflecting

chromatophores, which appeared yellowish in

reflected light, in the integument of the dark-

banded rockfish , Sebastes inermis. These chromato-

phores were motile and their responses were the

opposite of those of melanophores. Ultrastructu-

ral observations revealed that these chroma-

tophores were a type of leucophore [13].

The present report describes the adrenergic

mechanisms that control the movements of pig-

ment in these chromatophores. Our results indi-

cate that, physiologically as well as morphological-

ly, these chromatophores are indeed a type of

leucophore.

MATERIALSANDMETHODS

The dark-banded rockfish, Sebastes inermis, of

body length of 7-10 cm (the young form) was

employed. The fish were collected off the coast of

the Shimane peninsular in Shimane Prefecture and

they were reared in a seawater aquarium in our

facilities for at least three days for acclimatization.

Isolated scale preparations were employed for

physiological experiments. In some experiments,

scales from chemically sympathectomized fish

were employed as denervated preparations. The

denervation was achieved by intraperitoneal injec-

tion of 80/ig/g body wt. of 6-hydroxydopamine

hydrobromide (Sigma Chemical, St. Louis, MO)
as described elsewhere [14]. Scales were carefully

pulled out from the dorso-lateral part of the trunk.

Each isolated scale was attached, epidermal side

down, under a coverslip, which was mounted in a

small chamber filled with a physiological saline

solution for marine teleosts, which had the follow-

ing composition (in mM): NaCl, 223; KC1, 8.1;

CaCl 2 , 2.7; MgCl 2 , 3.7 and Tris-HCl buffer, 5.0

(pH7.4).

Responses of leucophores were photographed

under the light microscope. The magnitude of

each response was calculated, from the photo-

graphs, as the change in the length of a given

process in a cell [8].

The drugs used were as follows: /-norepi-

nephrine hydrochloride; /-epinephrine bitartrate;

/-isoproterenol hydrochloride; yohimbine hyd-

rochloride; ^/-propranolol hydrochloride; fors-

kolin and 8-bromoadenosine 3',5'-cyclic mono-

phosphate sodium salt (8-Br-cAMP). These drugs

were obtained from Sigma Chemical. Stock solu-

tions of these drugs were diluted with physiological

saline immediately before use.

For experiments on nerve stimulation, a K+
-rich

saline solution was employed since the responses

of melanophores and of leucophores also to K+

ions are known to be induced via the release of

neurotransmitter from sympathetic fibers [3, 8].

For the K+
-rich saline, we used a mixture of equal

volumes of an isotonic solution of KC1 and phy-

siological saline [8].

All experiments were performed at room

temperature (20-25°C).

RESULTS

General description of leucophores of Sebastes in-

ermis

In the dermis of an isolated scale, we observed

four kinds of chromatophore: melanophores;

erythrophores; and two kinds of light-reflecting

chromatophore. One kind of light-reflecting chro-

matophore was the iridophore, which appeared an

iridescent bluish white in reflected light. These

iridophores were non-motile. Another kind of

chromatophore was dendritic in shape and

appeared a dullish brown in transmitted light but

yellowish in reflected light. These chromatophores

were the focus of the present investigation.

In an equilibrium state in physiological saline,

the chromatophores of interest appeared punctate,

but they became dendritic in response to an

appropriate stumulus, such as norepinephrine.
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Thus, the cells are typical motile cells. Since these

chromatophores are morphologically a type of

leucophore [13], they are referred to as

leucophores hereinafter for convenience.

The leucophores were randomly distributed,

with no particular spatial association with melano-

phores. unlike the leucophores of Oryzias

latipes which are found just under the melano-

phores. The diameter of a single cell varied

from 60 to 140
(

um. Figure 1 shows the

leucophores in a scale of Sebastes inermis under

reflected light.

Responses to K+
ions

WhenK+
-rich saline was applied to leucophores

in a punctate state in physiological saline, the

leucophores responded by dispersion of the pig-

ment within the cells. The response proceeded

slowly after a lag period of about 5 min and about

30 min were required for full dispersion. When
cells were returned to physiological saline, the

pigment in the leucophores slowly began to aggre-

gate. The time required for recovery of the initial

pigmentary state was usually more than 1 hr, or 40

min at the very least (Fig. 2). The response to K+

ions could be induced repeatedly in a single cell.

Melanophores in the same preparation re-

sponded to K+
ions by the rapid aggregation of

melanosomes, as do those in many teleost fish.

Thus, the directions of the response were opposite

in melanophores and leucophores. Figure 3 shows

a typical result for melanophores in an isolated

scale of S. inermis, in which the response was

recorded photoelectrically [10]. The melano-

Fig. 1. Photomicrographs showing leucophores in a

scale of Sebastes inermis (dark-field epi-illumination

optics). A: Equilibrated in physiological saline.

Pigment granules are aggregated in the cells. B:

Pigment-dispersed state, 40 min after the application

of 3xlO _5 M norepinephrine. 1, Leucophores; i,

Iridophores.

phores began to respond to the stimulus by

aggregation of pigment within 20 sec and full

aggregation was achieved within 3 min. When the

100

120

Fig. 2. Typical recording showing the dispersion response of

leucophroes to K +
-rich saline (K +

) and the recovery response in

physiological saline solution.
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Fig. 3. Typical recording showing the

aggregation response of mela-

nophores to K+
-rich saline (K +

)

and the recovery response in phy-

siological saline solution.

melanophores were retured to physiological saline,

the initial state of the pigment was restored within

5 min. The observations demonstrate that the

slowness of the response of the leucophores was

dependent on the motility of the cells themselves,

and not on the slowness of the diffusion of ex-

perimental solutions to the place at which pigment

cells were distributed.

To confirm that K+
ions stimulate the chromatic

nerves, the effect of these ions was examined in

denervated preparations. No effect was apparent,

not only in the leucophores, but also in the

melanophores, in denervated preparations. The

leucophores in such preparations did, however,

respond by dispersion of pigment to nore-

pinephrine (Fig. 4).

100

3«10 _5 M NE

Fig. 4. Typical recording showing responses of dener-

vated leucophores to K+
-rich saline (K +

) and nor-

epinephrine (NE).

Effects of adrenergic antagonists on the K+ -

induced dispersion response

The results of the above experiment showed that

the leucophores were innervated and also sug-

gested that the innervating nerves might be

adrenergic. In this experiment, therefore, the

nature of the nerve was examined pharmacologi-

cally. Yohimbine, an alpha-adrenergic blocker,

did not interfere with the action of K+
ions (Fig.

5A), while propranolol, a beta-adrenergic anta-

gonist, effectively inhibited the action of K+
ions

(Fig. 5B). These results indicate that the nerves

that controlled the leucophores were adrenergic

and that the adrenoceptors mediating the disper-

sion of pigment in the cells were of the beta type.

100

M PRO

Fig. 5. Typical recording showing the effects of

adrenergic antagonists on the dispersing action of

K+
ions. A: Effects of an alpha-adrenergic antago-

nist, yohimbine (YOH). B: Effects of a beta-

adrenergic antagonist, propranolol (PRO). FOR,
Forskolin.

Effects of catecholamines

To clarify the nature of the adrenoceptors that

mediate dispersion of the pigment, the effects on
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leucophores in an aggregated state of three

catecholamines, namely, norepinephrine, epi-

nephrine and isoproterenol, were examined. As

shown in Figure 4, more than 30 min were re-

quired for maximal dispersion even at a high

concentration of norepinephrine. Therefore, the

magnitude of responses was measured at the end

of a 60-min exposure to the drugs.

Norepinephrine induced dispersion of the pig-

ment granules in a concentration-dependent man-

ner. The threshold concentration of nor-

epinephrine for an observable dispersion of the

pigment granules was about 10~ 6 M, and 3x 10~ 5

M was sufficient to cause full dispersion. Iso-

proterenol was more effective in dispersing the

pigment than norepinephrine and its effect was

also concentration-dependent.

Unexpectedly, epinephrine was almost ineffec-

tive in inducing the dispersion of pigment, even at

high concentrations. We observed very occa-

sionally that a few leucophores (about 5% of the

observed cells) responded with half-maximal dis-

persion at a concentration of 5xlO _5
M. The

relationships between the concentration of each

amine and the magnitude of pigment dispersion

are shown in Figure 6. Isoproterenol was more

effective than norepinephrine in inducing the dis-

persion of pigment. The EC5 o values (concentra-

tions that induced 50% of maximum dispersion of

100

50

E+Y0H
ISO

Fig.

9 8 7 6 5 4

-log[Agonist] (M)

6. Relationship between the concentration of iso-

proterenol (ISO), norepinephrine (NE) and epi-

nephrine (E) and the magnitude of the dispersion

response of leucophores of Sebastes inermis. E+
YOH. Epinephrine in the presence of 5xlO _5 M
yohimbine. Each point represents the mean of 10-

15 meaurements from three scales. Vartical lines

indicate SD.

pigment) for isoproterenol and norepinephrine

were calculated to be 9.8 X 10~ 9 Mand 4.2 x 10~ 6

M, respectively.

Effects of adrenergic antagonists on the norepineph-

rine-induced response

After a 5-min pretreatment with 10~ 5 Myohim-

bine, 10~ 5 M norepinephrine was applied in the

presence of the antagonist to leucophores in a state

of pigment aggregation. Yohimbine did not inter-

fere with the effect of norepinephrine (Fig. 7A),

whereas propranolol completely blocked the effect

of norepinephrine (Fig. 7B).

100

50

Time
(min)

(A)

30 60

10~ 5 M NE
I 1

10" 5 M YOII

100 r

M FOR

10" 5 M PRO

Fig. 7. Typical recordings showing the effects of

adrenergic antagonists on the pigment-dispersing

action of norepinephrine (NE). A: Effects of an

alpha-adrenergic antagonist, yohimbine (YOH). B:

Effects of a beta-adrenergic antagonist, propranolol

(PRO). FOR, Forskolin.

Effects of forskolin

In order to examine the possible involvement of

an adenylate cyclase system in the dispersion re-

sponse of the leucophores, the effect of forskolin,
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an activator of adenylate cyclase, was examined.

Forskolin induced the dispersion of pigment in the

leucophores (Figs. 5B, 7B). Figure 8 shows the

relationship between the concentration of the drug

and the extent of pigment dispersion. The EC50 of

forskolin for inducing dispersion of pigment was

estimated to be 7x 10

"

9 M.

100

a?

«
o

i-i

w
u
0)

en

H
Q

50

L

-log[Forskolin] (M)

Fig. 8. Relationship between the concentration of fors-

kolin and the magnitude of the pigment-dispersion

response of leucophores of Sebastes inermis. Each

point represents the mean of 10 measurements from

three scales. Vertical lines indicate SD.

Effects of 8-Br-cAMP

The results of the experiment with forskolin

suggested that activation of adenylate cyclase in-

duced the dispersion of pigment. Therefore, the

effect of 8-Br-cAMP, an analogue of cAMP, was

examined. The drug caused dispersion of pigment.

The dispersion response was induced at concentra-

tions above 10
-5 Mand was maximal at 3xl0 -4

M. The concentration-response relationship for

the drug is shown in Figure 9. From this Figure,

the EC50 of 8-Br-cAMP was calculated to be 6.4 X
10" 5 M.

Aggregating effects of epinephrine

The results of the experiments with catechola-

mines suggested that epinephrine might act pre-

dominantly on the alpha-adrenoceptors in the pig-

ment-aggregation response, such that the effect of

beta receptors might be hidden. This possibility

was examined in two series of experiments. First,

the effect of epinephrine was examined in the

presence of yohimbine. Epinephrine induced pig-

ment dispersion in the presence of yohimbine. The

effect was almost the same as that observed with

norepinephrine, as was shown in Figure 6.

Second, epinephrine was applied to leucophores in

100

#?

oH
V)

u
CD

a

50

5 4 3

-log[8-Br-cAMP] (M)

Fig. 9. Relationship between the concentration of 8-Br-

cAMP and the magnitude of pigment-dispersion

response of leucophores of Sebastes inermis. Each

point represents the mean of 10 measurements from

three scales. Vertical lines indicate SD.

100

50

20

Time (min)

Fig. 10. The pigment-aggregating effects of epineph-

rine on leucophores of Sebastes inermis and in-

hibition of these effects by yohimbine. Pigment

granules in leucophores had been fully dispersed by

treatment with K+
-rich saline. The numbers adja-

cent to the curves indicate the concentrations (/*M)

of epinephrine. E+ Yoh, 10 //M epinephrine in the

presence of 50 ,«M yohimbine. Each point on the

graph represents the mean of 10 measurements from

three scales.
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Table 1. Acceleration of the aggregation of pigment in leucophroes of Sebastes

inermis by 10
-5 M norepinephrine (NE) in the presence of 5xlO _s M

propranolol (PRO) and inhibition of the aggregation by 5 X 10~ 5 Myohimbine

(YOH)

Treatment
Half-aggregation

time (min)
M±SD

No. of

measurements
(scales)

Level of

significance*

Saline

NE+PRO
NE+PRO+YOH

43.0±4.2

9.3±1.0

38.9 + 5.1

10 (3)

10 (3)

10 (3)

P<0.001

P>0.2

The value shows the significance of the difference in a comparison with the

a pigment- dispersed state, which had been

achieved by 30-min exposure to K+
-rich saline.

Epinephrine was effective in accelerating the

aggregation of pigment. The effect was concentra-

tion-dependent. The aggregating effect was inhi-

bited by yohimbine. These results are illustrated in

Figure 10.

Aggregating effects of norepinephrine

Norepinephrine (1CP 5 M) was applied to

leucophores in a pigment-dispersed state which

had been induced by the K+
-rich saline. When

applied with propranolol, norepinephrine acceler-

ated the aggregation of pigment. The effect was

antagonized by yohimbine (5xlO
_5

M). These

results are given in Table 1, in which the aggregat-

ing effect is indicated as the "half-aggregation

time" namely, the time that is required for 50%
aggregation of pigment.

DISCUSSION

Leucophores do not seem to be common in

poikilothermic vertebrates. To date, they have

been found only in five species of fish, namely, the

killifish Fundulus heteroclitus [2, 27] and F. majalis

[2], the sheepshead minnow Cyprinodon variega-

tus [2], the guppy Lebistes reticulatus [30] and the

rnedaka Oryzias latipes [23]. As indicated in the

Introduction, most physiological information

about leucophores has been obtained from

Oryzias latipes. Thus, further comparative studies

on leucophores are clearly desirable.

The leucophores in Sebastes inermis appeared

yellowish when examined under reflected light,

unlike those of Oryzias latipes which appeared

white. In light-reflecting chromatophores, the

coloration of the cell is the net result of the

ultrastructure and the composition of pigment

organelles. The structure of the pigment

organelles differs between leucophores and

iridophores: the former contain white granules,

while the latter contain iridescent platelets. On the

basis of this strictly morphological criterion, it

appeared that the chromatophores used in the

present studies were a type of leucophores [13].

Details of the ultrastructure will be reported else-

where.

Leucophores are distributed just under the

melanophores in Fundulus and Oryzias. This

arrangement may make their color changes effec-

tive since the responses of melanophores to ner-

vous and hormonal stimuli are the opposite of

those of leucophores. In Sebastes inermis,

leucophores appeared characteristically to be ran-

domly distributed without any particular spatial

arrangement relative to the other chromatophores.

The rate of translocation of pigment within the

cell in response to K+
-rich saline is almost the

same in both the leucophores and the melano-

phores of Oryzias latipes: the rate of centrifugal

migration in the leucophores being about 30 /iml

min [8]. By contrast, in the leucophores of

Sebastes inermis the rate was so low that it took

about 30 min for full dispersion of the pigment in

response to stimulation by K+
ions. The rate was

,

however, higher than that of dispersion of the

motile iridophores in Odontobutis obscura [11,
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15]. The rate in intracellular migration of

organelles may be the net result of effects of their

shape and size and the mechano-chemical appar-

atus responsible for their movements. In this

regard, the leucophores of Sebastes inermis may be

of interest as a material for comparative studies on

the movements of chromatophores.

It has been well documented that the aggrega-

tion responses of melanophores [3], as well as the

dispersion responses of leucophores [8] and also

the responses of motile iridophores [15], to K+

ions are induced via the release of transmitter from

symphathetic fibers that have been stimulated by

K+
ions. The dispersion response of Sebastes

leucophores to stimulation by K+
ions was lost in

chemically denervated preparations. This observa-

tion indicates that the site of action of K+
ions for

induction of the dispersion of pigment was the

nerve fibers. In other words, the leucophores of

Sebastes inermis are innervated. The effect of K+

ions was selectively inhibited by propranolol, sug-

gesting that the nerve fibers involved are

adrenergic, as are those that innervate to melano-

phores.

The dispersion responses elicited by isoprotere-

nol and norepinephrine were selectively inhibited

by propranolol, indicating that these responses

were mediated via beta-adrenoceptors in the cells.

The effect of forskolin mimicked that of nor-

epinephrine, except that the effect of the former

drug was not inhibited by propranolol. These

results suggest that an increase in intracellular

levels of cAMP induced the dispersion of pigment

within the cells. Indeed, 8-Br-cAMP was also

effective in inducing the dispersion of pigment.

Thus, it was apparent that the adrenergic receptor

mechanisms that controlled the dispersion of pig-

ment were of the same type as those in Oryzias

leucophores [16, 25, 35].

Contrary to our expectation, epinephrine was

not effective in inducing the dispersion of pigment

in Sebastes leucophores. Melanophores responded

to epinephrine with a rapid aggregation of melano-

somes, as has been observed in the melanophores

of many other fish. In the leucophores of Oryzias,

epinephrine induces dispersion of pigment, even

though it is less potent in this regard than nor-

epinephrine [16, 34]. It has been demonstrated that

melanophores in various poikilothermic verte-

brates, which include fish, frogs, and lizards, pos-

sess beta-adrenoceptors that mediate the disper-

sion of melanosomes [1, 4]. In these melano-

phores, both norepinephrine and epinephrine

are potent inducers of the dispersal of melano-

somes [5-7, 10, 24]. In a large variety of tissues

and cells other than the chromatophores in verte-

brates, these amines act on both alpha- and beta-

adrenoceptors as non-specific agonists, although

their relative potencies differ from system to sys-

tem [18, 29, 31-33].

Epinephrine induced the dispersion of pigment

after alpha-receptor blockade. This observation

suggests that the leucophores had alpha-

adrenoceptors in addition to beta-adrenoceptors

and that epinephrine might act more effectively at

alpha receptors than at beta receptors. This infer-

ence is substantiated by the fact that epinephrine

acted on the leucophores as a pigment-aggregating

agonist when applied to cells in a dispersed state,

and the aggregating effect was inhibited by yohim-

bine. Norepinephrine also induced aggregation of

pigment in the presence of propranolol and the

effect was blocked by yohimbine. These results

demonstrate that the aggregating response was

induced via alpha-adrenoceptors. In leucophores

of Oryzias latipes, the existence of alpha-

adrenoceptors that participate in the aggregation

of pigment has also been demonstrated [9].

The results of the present study indicate that the

adrenoceptor mechanisms involved in the migra-

tion of pigment in the leucophores of Sebastes

inermis are fundamentally the same as those in

Oryzias latipes. The "novel" chromatophores in

Sebastes inermis are physiologically, as well as

morphologically, a type of leucophore.
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